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a b s t r a c t

A zircon U–Pb age of adakitic rocks from Jiaodong, the Shandong Province, indicates that the volcanic
rocks erupted at 123.6 ± 0.8 Ma. The volcanic rocks are composed only of trachyandesite with SiO2 con-
tents ranging from 59 to 62 wt.% and Al2O3 contents from 14 to 16 wt.%. Their K2O contents range from
3.1 to 3.9 wt.% and those of Na2O from 4.2 to 4.9 wt.%, indicating that these rocks belong to the alkaline K-
rich series. These rocks are characterized by enrichment in light rare earth elements (LREE) and depletion
in heavy rare earth elements (HREE). They show strongly positive Ba anomalies and negative Nb, Ta, and
Ti anomalies. The trachyandesites have high concentration of Sr, ranging from 919 to 1376 ppm, and low
Yb (0.92–1.16 ppm) and Y contents (13.3–15.0 ppm), resulting in high Sr/Y (65–98) and La/Yb ratios (38–
51), all of which are characteristics of adakites defined by Defant and Drummond [Defant, M.J., and Drum-
mond, M.S., 1990. Derivation of some modern arc magmas by melting of young subducted lithosphere.
Nature 347, 662–665]. Isotopic compositions have high Sr and Pb ratios (87Sr/86Sr = 0.7097–
0.7099; 208Pb/204Pb = 37.71–38.30; 207Pb/204Pb = 15.34–15.54; 206Pb/204Pb = 16.95–17.19), but low Nd
(143Nd/144Nd = 0.51150–0.51153; eNd(t) = �18.5 to �19.1). These geochemical features suggest a mafic,
lower crust magma source. High Sr/Y and La/Yb ratios and negative Nb and Ti anomalies of the adakitic
rocks suggest that garnet and amphibole were stable as two residual phases during partial melting,
implying that the crustal thickness exceeded 40 km in the Early Cretaceous. The present thickness of
the crust in the Jiaodong area is only �32 km, and therefore the crust appears to have been thinned by
at least 8–10 km since Early Cretaceous times. The high MgO (2.7–3.3 wt.%), Cr (93–274 ppm), and Ni
(60–115 ppm) contents and high Mg# (46–52) values in the adakitic rocks favours interaction between
the pristine melts and mantle peridotite prior to eruption.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Adakites (Defant and Drummond, 1990) were first described at
convergent plate margins and are thought to be the products of
melting relatively young (<25 Ma) and hot oceanic crust (Kay,
1978) in subduction-zones. Such rocks are characterized by high
Al, Na, and Sr contents, high Sr/Y and La/Yb ratios, and low Y and
Yb contents; these characteristics are consistent with an origin
by partial melting of hydrated mafic source rocks in the form of
ll rights reserved.

ory of Ore Deposit Geochem-
f Sciences, Guiyang 550002,
eclogite or garnet amphibolite (Rapp et al., 1991; Martin, 1998).
However, some rocks with adakitic compositional features may
have a different origin, such as: (1) assimilation-fractional crystal-
lization (AFC) processes (e.g., Castillo et al., 1999; Macpherson
et al., 2006), (2) melting of mantle peridotite under hydrous condi-
tions (Stern and Hanson, 1991), or (3) partial melting of thickened
lower crust (Atherton and Petford, 1993; Muir et al., 1995; Petford
and Atherton, 1996; Johnson et al.,1997; Arculus et al., 1999;
Zhang et al., 2001; Chung et al., 2003; Xiong et al., 2003; Hou
et al., 2004; Wang et al., 2005; Guo et al., 2006) or delaminated ma-
fic lower crust (e.g., Kay and Kay, 1993; Defant et al., 2002; Xu
et al., 2002; Gao et al., 2004; Wang et al., 2004, 2006a,b; Guo
et al., 2006; Lai et al., 2007; Liu et al., 2008a,c). Furthermore, exper-
imental studies (Rapp and Watson, 1995; Rapp et al., 1999) have
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shown that mafic materials can melt to produce an adakitic melt at
pressures equivalent to a crustal thickness of >40 km (i.e.,
�1.2 GPa). Generation of non-subduction related adakitic magmas
is commonly linked with crustal thickening and eclogitization of
the lowermost crust (Guo et al., 2006). Therefore, adakites can also
be produced by melting of mafic lower crust in non-subduction
settings, such as in collisional zones (e.g. Chung et al. 2003; Hou
et al, 2004; Guo et al., 2006; Wang et al., 2007; Zi et al., 2007),
intracontinental settings (Xu et al. 2002; Wang et al., 2005, 2006;
Lai et al., 2007; Liu et al., 2008a,c) and active continental margins
(Atherton and Petford, 1993; Petford and Atherton, 1996; Kay
and Kay, 2002). Moreover, the investigation of non-subduction-re-
lated adakites can provide important constraints on crustal growth
and its evolution throughout Earth history.

It is generally accepted that the North China Craton (NCC) lost
its lithospheric keel (>100 km) between the Late Jurassic and
Early Cretaceous (Menzies et al., 1993a,b; Griffin et al., 1998;
Xu et al., 2000; Xu, 2001; Gao et al., 2002; Wu et al., 2003; Wilde
et al., 2003; Zhang et al., 2004), accordingly, the NCC is an ideal
place to evaluate the hypothesis of lower crust foundering (Gao
et al., 2004). However, the exact timing of the lithospheric
destruction beneath the NCC is poorly constrained. A number of
controversial models have been proposed for the lithosphere
thinning beneath NCC; these include foundering, extension or
thermal/chemical erosion of the deep lithosphere due to upwell-
ing asthenosphere (Menzies et al., 1993a,b; Griffin et al., 1998;
Zheng and Lu, 1999; Lu et al., 2000; Xu, 2001; Gao et al., 2002,
Fig. 1. (a) Simplified tectonic map showing the NCC, Yangtze Block, and Dabie-Sulu oro
igneous rocks in the Sulu orogenic belt and the adakitic lavas in the eastern NCC (modi
2004; Rudnick et al., 2004; Wu et al., 2003, 2005, 2006; Menzies
et al., 2007). The limited effect of tectonic extension on the lith-
osphere thickness beneath NCC has been explored by a numerical
approach (Lin et al., 2004). In addition, thermo-chemical erosion
of the lithospheric mantle by upwelling asthenosphere (Menzies
et al., 1993a,b, 2007; Griffin et al., 1998) cannot explain the pro-
duction of adakitic magma from foundered NCC crust prior to
basaltic magmatism (Gao et al., 2004; Liu et al., 2008c). By con-
trast, foundering of lithosphere (mantle and lower crust) might
be a plausible mechanism to account for the lithosphere thinning
underneath NCC.

Eclogitization of the lowermost crust results in a mass density
that is higher than that of lithospheric mantle peridotite by some
0.2–0.4 g cm�3 (Rudnick and Fountain, 1995). Hence, eclogite can
be recycled into the mantle by foundering (Kay and Kay, 1993; Jull
and Kelemen, 2001; Gao et al., 2004). Which has been confirmed
beneath the NCC based on a study of the adakitic volcanic rocks
from Liaoning (Gao et al., 2004), western Shandong (Luxi) (Liu
et al., 2008c) and Xuzhou-Suzhou (Xu et al., 2006) located within
the southeastern portion of the NCC. Nevertheless, in order to as-
sess the validity of the model for lithosphere thinning beneath
NCC, additional evidence for lithosphere foundering occurring
within other areas of the NCC is needed. Our study deals with a
new adakite locality within the eastern NCC and presents new zir-
con geochronology, geochemical, and Sr–Nd–Pb isotopic data to
provide further support for the foundering of mafic lower conti-
nental crust within the NCC.
genic belt (modified after Zhou et al., 2003). (b) Geological sketch map of Mesozoic
fied after Zhou et al., 2003).
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2. Geological background and petrology

The eastern block of the NCC in Shandong Province is divided
into two parts by the Tanlu fault, with Jiaodong to the east and Luxi
to the west. In addition, the Jiaodong and South China Block (SCB)
are detached from the Wulian-Yantai fault (WYF) (Fig. 1a). The
study area is located in Jiaodong (Wulian region) in the eastern
NCC, adjacent to the Sulu belt and Tanlu fault (Fig. 1a and b), where
the large volume, Qingshan Formation volcanic and intrusive com-
plex, together with Qibaoshan Cu–Au deposit, are located (Fig. 1a
and b). The volcanic rocks are mainly comprised of andesitic rocks,
and the intrusive complex consists of dioritic porphyries
(127.4 Ma; Liu et al., unpublished data) and pyroxene monzonites
(126 Ma; Zhou et al., 2003). The Qibaoshan Cu–Au deposit is prin-
cipally hosted by dioritic porphyries that occur as breccia pipes,
distinct from the volcanic rocks (Wang, 1991; Qiu et al., 1994).
The volcanic rocks include andesite and trachyandesite and occur
as massive lava flows in a graben within the Mesozoic (Jurassic–
Cretaceous) continental Laiyang Basin. This basin is predominantly
comprised of a suite of volcano-sedimentary rock formations. The
Mesozoic strata include three volcanic rock formations; the Laiy-
ang, the Qingshan and Wangshi Formations (SPFGSME, 2003).
Andesite and trachyandesite belongs to Qingshan Formation and
cover an area of �120 km2, with their exposures controlled by
the Tanlu fault and a WE-striking fault (Fig. 1b). Moreover, many
Neoproterozoic (740–760 Ma) low-grade metamorphic complexes
(gneissoid granites, amphibolites and quartzite–slate–phyllite–
marble association rocks) and Mesozoic granites (115–125 Ma)
outcrop in the adjacent areas, in Wulian (Zhou et al., 2003, 2008;
Wu et al., 2004; Huang et al., 2005, 2006; Zheng et al., 2005; Liu
et al., 2008b) (Fig. 1b).

The Jiaodong adakitic volcanic rocks that are the focus of this
study are trachyandesite with a microporphyritic texture. These
are interlayered with andesitic breccia; no basaltic or acidic rocks
are found associated with the adakitic rocks in this area. The adak-
Table 1
Laser ablation ICP-MS U–Pb data of zircons in the adakitic trachyandesite (QS001) from Ji

Isotopic ratios

Spot Th U Pb Th/U 238U/232Th 207Pb/206Pb 1r 207Pb/235U 1r

1 2040 751 26.3 2.71 0.37 0.0514 0.0010 0.1385 0.
2 1387 687 20.6 2.02 0.50 0.0517 0.0012 0.1349 0.
3 2109 687 25.6 3.07 0.33 0.0668 0.0014 0.1794 0.
4 3376 812 35.0 4.16 0.24 0.0554 0.0011 0.1491 0.
5 1490 637 20.8 2.34 0.43 0.0535 0.0013 0.1412 0.
6 1071 574 17.6 1.87 0.54 0.0550 0.0012 0.1485 0.
7 3208 1013 37.3 3.17 0.32 0.0504 0.0010 0.1344 0.
8 1841 812 27.0 2.27 0.44 0.0530 0.0010 0.1472 0.
9 3552 1136 43.7 3.13 0.32 0.0606 0.0009 0.1685 0.
10 548 589 14.6 0.93 1.08 0.0540 0.0010 0.1492 0.
11 4995 1803 62.6 2.77 0.36 0.0768 0.0011 0.2002 0.
12 1711 994 28.9 1.72 0.58 0.0570 0.0009 0.1536 0.
13 1083 1295 33.0 0.84 1.20 0.0747 0.0017 0.2073 0.
14 3397 967 37.2 3.51 0.28 0.0539 0.0010 0.1437 0.
15 582 500 13.0 1.16 0.86 0.0536 0.0012 0.1416 0.
16 1721 978 27.4 1.76 0.57 0.0515 0.0010 0.1303 0.
17 1500 710 22.1 2.11 0.47 0.0526 0.0010 0.1395 0.
18 1382 769 22.5 1.80 0.56 0.0519 0.0011 0.1376 0.
19 831 319 11.1 2.61 0.38 0.0494 0.0013 0.1331 0.
20 995 446 15.0 2.23 0.45 0.0501 0.0011 0.1400 0.
21 1061 598 17.4 1.78 0.56 0.0514 0.0014 0.1368 0.
22 422 650 14.9 0.65 1.54 0.0566 0.0017 0.1486 0.
23 2766 1068 35.3 2.59 0.39 0.0520 0.0009 0.1366 0.
24 1849 706 24.9 2.62 0.38 0.0576 0.0009 0.1520 0.
25 550 751 20.1 0.73 1.36 0.0501 0.0008 0.1362 0.
26 1898 779 26.9 2.44 0.41 0.0489 0.0008 0.1307 0.
27 1585 971 28.2 1.63 0.61 0.0595 0.0012 0.1543 0.
28 2161 697 27.0 3.10 0.32 0.0576 0.0031 0.1568 0.

Errors are 1r; common-Pb was corrected using the method proposed by Andersen (200
itic rocks contain abundant (23–38%) phenocrysts of plagioclase
and pyroxene (0.5–1.6 mm). Minor phenocrysts of amphibole and
biotite are also observed. The matrix is composed of fine-grained
(0.05–0.08 mm) plagioclase, magnetite, and hematite.

3. Analytical methods

Laser ablation techniques were used for zircon U–Pb age deter-
mination (Table 1). The analyses were conducted with an Elan
6100 DRC ICP-MS equipped with 193 nm excimer lasers, which is
housed in the Department of Geology, Northwest University, Xi’an,
China. Zircon 91500 was used as a standard and NIST 610 was used
to optimize the machine. The spot diameter was 30 lm. Correc-
tions for common-Pb were made using the method of Anderson
(2002). Data were processed using the GLITTER and ISOPLOT (Lud-
wig, 2003) programs. Errors on individual analyses by LA-ICPMS
are quoted at the 95% (1r) confidence level. The details of the ana-
lytical procedures have been described by Yuan et al. (2004).

Whole-rock samples were trimmed to remove altered surfaces,
and were cleaned with deionized water, crushed, and powdered
with an agate mill. The pulverized samples were used for major,
trace element, and Sr–Nd–Pb isotopic analysis. Major elements
were analyzed with a PANalytical Axios-advance (Axios PW4400)
X-ray fluorescence spectrometer (XRF) at the State Key Laboratory
of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences (IGCAS). Fused glass discs were used and
the analytical precision was better than 3% (Table 2). Loss on igni-
tion (LOI) was obtained from 1 g of powder by weighing after 1 h of
calcinations at 1100 �C. Trace elements were analyzed with a
POEMS ICP-MS at the National Research Center of Geoanalysis, Chi-
nese Academy of Geosciences, following procedures described by
Qi et al. (2000). The discrepancies between triplicate analyses were
less than 5% for all elements.

For Rb–Sr and Sm–Nd isotope analysis, sample powders were
spiked with mixed isotope tracers, dissolved in Teflon capsules
aodong, eastern NCC.

Age(Ma)

206Pb/238U 1r 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r

0025 0.0195 0.0001 260 28 132 2 124.7 0.9
0027 0.0189 0.0001 272 33 128 2 120.9 0.9
0033 0.0195 0.0001 833 27 168 3 124.4 0.9
0025 0.0195 0.0001 429 25 141 2 124.6 0.9
0031 0.0191 0.0002 350 35 134 3 122.2 0.9
0030 0.0196 0.0002 411 31 141 3 125.1 0.9
0024 0.0193 0.0001 213 28 128 2 123.4 0.9
0023 0.0201 0.0001 328 23 139 2 128.5 0.9
0021 0.0202 0.0001 624 16 158 2 128.7 0.8
0025 0.0200 0.0001 371 25 141 2 127.8 0.9
0022 0.0189 0.0001 1116 12 185 2 120.6 0.8
0021 0.0195 0.0001 491 19 145 2 124.6 0.8
0042 0.0201 0.0002 1062 28 191 4 128.0 1.0
0023 0.0193 0.0001 368 23 136 2 123.3 0.8
0029 0.0192 0.0001 356 33 135 3 122.3 0.9
0023 0.0184 0.0001 262 27 124 2 117.2 0.8
0024 0.0192 0.0001 311 26 133 2 122.9 0.9
0025 0.0192 0.0001 282 28 131 2 122.7 0.9
0032 0.0195 0.0002 169 41 127 3 124.6 0.9
0027 0.0203 0.0002 200 32 133 2 129.4 0.9
0035 0.0193 0.0002 257 43 130 3 123.0 1.0
0041 0.0191 0.0002 476 45 141 4 122.0 1.0
0021 0.0191 0.0001 284 23 130 2 121.8 0.8
0018 0.0191 0.0001 516 16 144 2 122.2 0.8
0019 0.0197 0.0001 201 20 130 2 125.9 0.8
0019 0.0194 0.0001 143 21 125 2 123.9 0.8
0027 0.0188 0.0001 586 26 146 2 120.1 0.8
0082 0.0198 0.0003 513 91 148 7 126.0 2.0

2).



Table 2
Major oxides (wt.%) and trace elements (ppm) of volcanic rocks from Jiaodong, eastern North China Craton.

Sample QS1 QS2 QS3 QS4 QS5 QS6 QS7 QS8 QS9 QS10 QS11 QS12 QS13

SiO2 61.15 60.07 61.36 61.49 61.72 59.55 59.16 59.52 60.81 60.83 60.97 59.33 59.20
TiO2 0.67 0.70 0.68 0.63 0.67 0.65 0.64 0.65 0.70 0.65 0.62 0.64 0.63
Al2O3 15.28 15.23 15.46 15.3 15.29 15.35 15.22 15.66 15.43 14.91 14.82 14.61 14.43
Fe2O3 6.92 6.89 6.93 6.55 6.22 6.22 6.52 6.66 6.49 6.2 6.16 6.93 6.35
MnO 0.10 0.11 0.15 0.09 0.08 0.14 0.16 0.11 0.09 0.11 0.12 0.11 0.17
MgO 2.97 3.05 3.31 3.08 3.15 3.24 3.23 2.95 3.52 2.76 2.90 3.03 3.01
CaO 2.24 3.16 1.59 1.60 2.72 4.66 5.26 4.25 3.60 4.49 4.36 5.46 5.92
Na2O 4.89 4.83 4.51 4.70 4.51 4.37 4.58 4.56 4.79 4.28 4.19 4.39 4.27
K2O 3.33 3.84 3.43 3.59 3.15 3.41 3.46 3.25 3.15 3.72 3.65 3.86 3.82
P2O5 0.40 0.41 0.40 0.37 0.40 0.38 0.35 0.38 0.41 0.37 0.36 0.37 0.36
LOI 1.87 1.36 1.78 2.02 1.59 1.62 1.37 1.35 0.54 1.17 1.32 1.21 1.95
Total 99.83 99.65 99.59 99.42 99.51 99.59 99.94 99.34 99.52 99.49 99.47 99.93 100.11
Mg# 46 47 49 48 50 51 50 47 52 47 48 46 48
Sc 19.9 17.9 17.6 17.6 15.6 17.4 13.9 13.5 12.6 12.9 11.7 12.6 13.6
V 108 82.2 69.0 101 181 113 78.8 67.6 134 127 101 120 77.5
Cr 101 125 274 115 90.6 104 202 140 213 93.4 107 122 166
Ni 60.4 71.0 108 60.4 113 62.3 87.1 99.0 115 61.2 68.3 85.1 103
Rb 63.7 67.8 62.7 51.8 54.7 60.2 59.9 48.6 62.5 61.8 69.3 54.7 51.1
Sr 1247 1376 1178 1124 1194 1274 1241 933 1017 989 919 1053 1291
Y 14.4 14.0 14.5 13.3 14.1 13.8 14.0 13.6 14.4 15.0 14.1 13.8 13.7
Zr 213 210 215 202 218 207 206 205 219 198 193 207 203
Nb 6.70 7.04 6.83 6.19 7.11 6.53 6.71 6.36 6.99 6.45 6.12 6.58 6.35
Ba 3516 3974 4164 3420 3347 4014 4189 3969 3248 3522 3495 3391 4263
La 73.5 67 69 58.9 74 69 70 69.4 72 71.4 62.8 65.3 69.3
Ce 140 153 153 124 151 147 137 117 156 140 127 127 133
Pr 13.0 12.8 13.0 11.6 13.0 12.8 12.1 11.2 12.9 12.1 11.1 11.1 11.5
Nd 45.6 49.9 48.1 41.3 48.0 47.7 44.6 41.8 49.5 44.9 41.5 42.0 42.7
Sm 7.72 8.50 8.06 7.14 8.27 7.98 7.70 7.11 8.21 7.64 7.14 7.48 7.11
Eu 1.78 1.97 1.85 1.60 1.84 1.85 1.85 1.53 1.85 1.86 1.49 1.68 1.53
Gd 4.98 5.57 5.20 4.53 5.17 5.49 5.41 4.75 5.39 5.35 4.61 5.09 5.25
Tb 0.73 0.76 0.74 0.66 0.71 0.74 0.71 0.66 0.73 0.71 0.67 0.69 0.66
Dy 0.60 0.62 0.62 0.55 0.57 0.60 0.58 0.54 0.59 0.57 0.55 0.55 0.55
Ho 1.56 1.57 1.59 1.40 1.46 1.54 1.48 1.43 1.53 1.49 1.40 1.46 1.41
Er 1.68 1.70 1.78 1.58 1.57 1.66 1.61 1.51 1.65 1.58 1.55 1.48 1.52
Tm 0.20 0.20 0.20 0.19 0.18 0.20 0.19 0.18 0.20 0.18 0.19 0.17 0.18
Yb 1.07 1.07 1.16 1.03 0.98 1.05 1.02 0.96 1.05 0.99 1.01 0.92 0.97
Lu 0.16 0.16 0.18 0.16 0.14 0.16 0.15 0.14 0.16 0.15 0.15 0.14 0.15
Hf 6.37 6.34 6.38 6.06 6.42 6.15 6.18 6.13 6.46 5.95 5.77 5.99 5.94
Ta 0.38 0.38 0.37 0.35 0.36 0.36 0.34 0.34 0.38 0.34 0.32 0.34 0.34
Pb 14.8 19.6 19.3 14.7 20.7 20.0 19.6 15.4 22.1 20.2 17.0 23.6 19.4
Th 20.1 20.6 20.1 18.3 19.9 19.0 18.9 17.8 20.3 19.0 18.1 18.6 18.3
U 2.37 2.18 2.31 2.55 2.86 2.73 3.30 1.57 2.77 2.72 2.27 2.61 2.11
Th/Ce 0.14 0.13 0.13 0.15 0.13 0.13 0.14 0.15 0.13 0.14 0.14 0.15 0.14
La/Yb 46.7 42.5 40.0 38.4 51.2 44.6 46.3 49.0 46.4 48.9 42.1 47.9 48.5
Sr/Y 86.6 98.3 81.2 84.3 84.8 92.7 88.4 68.8 70.5 65.9 65.4 76.3 94.2
Rb/Sr 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.08 0.05 0.04
Nb/Ta 17.9 18.8 18.4 17.8 19.6 18.1 19.6 18.9 18.5 19.0 19.1 19.2 18.7
Zr/Hf 33.4 33.2 33.7 33.3 33.9 33.6 33.4 33.5 33.9 33.3 33.5 34.6 34.2

LOI = Loss on Ignition.
Mg# = 100 �Mg/(Mg +

P
Fe) atomic ratio.

448 S. Liu et al. / Journal of Asian Earth Sciences 35 (2009) 445–458
with HF and HNO3 acids, and separated by conventional cation-ex-
change techniques. Isotopic measurements were performed on a
Finnigan MAT-262 thermal ionization mass spectrometer (TIMS)
at the Isotopic Geochemistry Laboratory of Yichang Institute of
Geology and Mineral Resources. Procedural blanks containing
<200 pg of Sm and Nd and <500 pg of Rb and Sr were used. The
Table 3
Sr–Nd–Pb isotopic compositions for the adakitic volcanic rocks from Jiaodong, eastern NC

Sample
no.

Sm
(ppm)

Nd
(ppm)

147Sm/
144Nd

143Nd/
144Nd

2Sm (143Nd/
144Nd)i

eNd(t) Rb
(ppm

QS1 8.12 57.9 0.084 0.511574 13 0.511506 �19.0 51.1
QS2 8.79 61.8 0.086 0.511592 10 0.511523 �18.7 60.4
QS5 9.48 66.7 0.085 0.511601 12 0.511532 �18.5 55.1
QS7 9.86 69.5 0.086 0.511586 10 0.511517 �18.8 68.1
QS10 8.76 63.4 0.084 0.511578 11 0.511510 �18.9 62.3
QS13 8.86 64.2 0.083 0.511569 9 0.511502 �19.1 61.7

Chondrite uniform reservoir (CHUR) values (87Rb/86Sr = 0.0847, 87Sr/86Sr = 0.7045
kRb = 1.42 � 10�11 year�1 (Steiger and Jäger, 1977); kSm = 6.54 � 10�12 year�1 (Lugmair a
mass fractionation corrections for Sr and Nd isotopic ratios were
based on 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively.
Analysis of standards during the period of analysis yielded the
following: NBS987 gave 87Sr/86Sr = 0.710246 ± 16 (2r) (recom-
mended value, 0.710245 ± 14), while La Jolla gave 143Nd/144Nd =
0.511863 ± 8 (2r) (recommended value, 0.511859 ± 7). Lead was
C.

)
Sr
(ppm)

87Rb/
86Sr

87Sr/
86Sr

2Sm (87Sr/
86Sr)i

206Pb/
204Pb

207Pb/
204Pb

208Pb/
204Pb

1289 0.114 0.710086 11 0.709885 17.194 15.538 38.296
1239 0.141 0.709934 9 0.709687 17.021 15.407 37.889
1185 0.134 0.709926 10 0.709961 17.016 15.385 37.862
1384 0.142 0.709913 11 0.709663 16.986 15.363 37.721
993 0.181 0.710029 10 0.709711 16.964 15.351 37.716
1335 0.134 0.709967 10 0.709732 16.949 15.338 37.711

, 147Sm/144Nd = 0.1967 143Nd/144Nd = 0.512638) are used for the calculation.
nd Harti, 1978).



Fig. 2. Cathodoluminescence images and LA-ICPMS U–Pb Concordia diagrams for zircon from sample QS001.
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separated and purified by a conventional cation-exchange
technique (AG1 � 8, 200–400 resin) with diluted HBr used as
the eluant. Analyses of NBS981 during the period of analysis
yielded 204Pb/206Pb = 0.0896 ± 15, 207Pb/206Pb = 0.91446 ± 80 (rec-
ommended value, 0.9146 ± 3), and 208Pb/206Pb = 2.16171 ± 200
(Table 3).
Fig. 3. (a) Chemical composition of the volcanic rocks in Jiaodong plotted in a TAS
classification diagram (Le Maitre et al., 1989). Data sources for the various rock
types are as follows: Qiangtang adakitic rock data are from Liu et al. (2008a), Luxi
adakitic rocks from Liu et al. (2008b), Chuzhou adakitic rocks from Guo et al. (2006),
Ningzhen adakitic rocks from Xu et al. (2002), Luzong adakitic rocks from Wang
et al. (2006b), Dexing adakitic rocks from Wang et al. (2006a), and Yueshan-
Hongzhen adakitic rocks from Wang et al. (2004); (b) K2O vs SiO2, series boundaries
are from Middlemost (1975). The legends for the other diagrams are the same as in
Fig. 3.
4. Analytical results

4.1. Zircon cathodoluminescence (CL) image and U–Pb data

Zircon is abundant in the adakitic trachyandesites from Jia-
odong. Zircons from trachyandesite sample QS001 were euhedral,
colourless and transparent, mostly elongate-prismatic, and ranged
up to 100 lm in diameter. The majority exhibited oscillatory or
planar zoning in CL (Fig. 2a), a typical feature of magmatic zircon.
Some grains were zoned with apparently rounded or irregular
cores, mantled by euhedral overgrowths which also had oscillatory
zoning (Fig. 2a). The zircons all have relatively high Th/U ratios
(0.65–4.16), suggestive of a magmatic origin. On the basis of CL
imagery and Th/U ratios, an igneous origin for the zircons is evi-
dent. The U–Pb zircon data are presented in Table 1. Analyses of
zircon grains with oscillatory structures were concordant and
yielded a weighted mean 206Pb/238U age of 123.6 ± 0.82 Ma
(n = 28) (Fig. 2b). This age is interpreted as the crystallization age
of the volcanic rocks.

4.2. Major and trace elements

Representative major and trace element results for the trachy-
andesites are listed in Table 2. On a SiO2 vs. K2O + Na2O diagram
(Fig. 3a), all samples of the volcanic rocks fall within the field for
the ‘alkaline’ rock series. Fig. 3b illustrates the K-series character
of the volcanic rocks. The trachyandesites exhibit high concentra-
tions of SiO2 (59.16–61.72 wt.%), Sr (919–1376 ppm), and Ba
(3347–4263 ppm), and relatively low levels of Al2O3 (14.43–
15.66 wt.%), Yb (0.92–1.16 ppm), and Y (13.3–15 ppm), as well as
elevated Sr/Y (65.4–98.3) and La/Yb (38.4–51.2) ratios (Fig. 4a
and b). These values are similar to those typical for adakite from
a subduction-environment (Defant and Drummond, 1990), except
for their high K contents (K2O = 3.15–3.86 wt.%). Furthermore, the
adakitic rocks under study are characterized by high concentra-
tions of MgO (2.9–3.52 wt.%) (Table 2; Fig. 5). Elevated values for



Fig. 4. Sr/Y vs. Y (a) and (La/Yb)N vs. YbN (b) diagrams (Defant and Drummond, 1990) of the adakitic lavas from Jiaodong, eastern NCC.
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Mg# (46–52), Th (17.8–20.6 ppm), Cr (93.4–274 ppm), and Ni
(60.4–115 ppm) and low Th/Ce ratios (0.13–0.15) (Table 2) are
compositional features typical of adakites derived from melting
of subducted oceanic crust or delaminated lower crust (Defant
and Drummond, 1990; Kay et al., 1993; Drummond et al., 1996;
Stern and Kilian, 1996; Sajona et al., 2000; Defant et al., 2002; Agu-
illón-Robles et al., 2001; Martin et al., 2005; Xu et al., 2002; Wang
et al., 2004).

The Jiaodong adakitic volcanic rocks are characterized by signif-
icant enrichment in light rare earth elements (LREE), strong deple-
tion in heavy rare earth elements (HREE), inconspicuous Eu
anomalies and weakly concave middle rare earth element (MREE)
patterns, as exhibited on chondrite-normalized REE diagrams
(Fig. 6a). It is commonly considered that MREE patterns with clear
to weak concavities imply the presence of residual amphibole in
the source (Gromet and Silver, 1987). In addition, N-MORB normal-
ized trace element patterns reveal that all samples are depleted in
Fig. 5. MgO wt.% vs. SiO2 (wt.%) diagrams for the Jiaodong adakitic volcanic rocks.
Data for delaminated lower crust-derived adakitic rocks are from Xu et al. (2002)
and Wang et al. (2004). The field of subducted oceanic crust-derived adakites is
constructed using data from Defant and Drummond (1990), Kay et al. (1993),
Drummond et al. (1996), Stern and Kilian (1996), Sajona et al. (2000), Aguillón-
Robles et al., 2001, Defant et al. (2002) and Martin et al. (2005), and references
therein. Data for thick lower crust-derived adakitic rocks are from Atherton and
Petford (1993), Muir et al. (1995), Petford and Atherton (1996), Johnson et al. (1997)
and Xiong et al. (2003). The field of metabasaltic and eclogite experimental melts
(1–4.0 GPa) is from Rapp et al. (1991, 1999, 2002), Sen and Dunn (1994), Rapp and
Watson (1995), Prouteau et al. (1999), Skjerlie and Patiño Douce (2002), and
references therein. The field of metabasaltic and eclogite experimental melts
hybridized with peridotite is after Rapp et al. (1999).
the high field strength elements (HFSE) Nb, Ta, and Ti, and enriched
in Sr and Ba (Table 2; Fig. 6b). The REE and trace element patterns
of the adakitic trachyandesites are similar to those of subducted
oceanic crust-derived adakite (Defant and Drummond,1990; Kay
Fig. 6. Chondrite-normalized (a) and N-MORB-normalized spidergrams (b) of
Jiaodong adakitic volcanic rocks from the eastern NCC. Normalized values are after
Sun and McDonough (1989). The REE and trace element data for delaminated lower
crust-derived adakitic rocks, subducted oceanic crust-derived adakites, and thick
lower crust-derived adakites are quoted from the same data sources as those in
Fig. 5. Natural slab melts are after Kepezhinskas et al. (1995).
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et al., 1993; Drummond et al., 1996; Stern and Kilian, 1996; Sajona
et al., 2000; Defant et al., 2002; Aguillón-Robles et al., 2001; Martin
et al., 2005; Fig. 6a) and/or delaminated lower crust-derived adak-
itic rocks (e.g., Kay and Kay, 1993; Defant et al., 2002; Xu et al.,
2002; Wang et al., 2004, 2006a,b; Guo et al., 2006; Liu et al.,
2008a,c), but unlike those of adakitic rocks directly derived from
partial melting of a thickened crust (Atherton and Petford, 1993;
Muir et al., 1995; Petford and Atherton, 1996; Johnson et al.,
1997; Xiong et al., 2003) or natural slab melt (Kepezhinskas
et al., 1995) (Fig. 6a and b).

4.3. Sr–Nd–Pb isotopic ratios

Isotopic data for Sr, Nd and Pb were obtained from representa-
tive Jiaodong trachyandesite samples (Table 3). These adakitic
rocks display very uniform initial 87Sr/86Sr ratios ranging from
0.7097 to 0.7099, and relatively small variation in initial. eNd(t) val-
ues (�18.5 to �19.1); which distinguish from the adikitic rocks
produced by partial melting of subducted MORB with low Sr isoto-
pic ratios and positive eNd(t) (e.g., on Cook Island, Stern and Kilian,
1996; and at Cerro Pampa, Kay et al., 1993). The Jiaodong adakitic
trachyandesite, together with the Sulu adakitic rocks (Guo et al.,
2006), fall within the range of the isotopic composition of the late
Mesozoic intermediate-acidic rocks from the Sulu belt (Zhao et al.,
1997; Zhou and Lu, 2000; Fan et al., 2001; Guo et al., 2004; Huang
et al., 2005; Yang et al., 2005) (Fig. 7). However, the Sr–Nd isotopic
compositions differ from those of subducted oceanic crust-derived
adakites (Defant et al., 1992; Kay et al., 1993; Sajona et al., 2000;
Aguillón-Robles et al., 2001), thick lower crust-derived adakites
(Muir et al., 1995; Petford and Atherton, 1996), other delaminated
lower crust-derived adakitic volcanic rocks (Xu et al., 2002; Wang
et al., 2006a,b; Liu et al., 2008a,b), and the Jurassic–Cretaceous
intermediate-acidic rocks in the eastern SCB (Wang, 2000; Xu
et al., 2002; Wang et al., 2003a,b) (Fig. 7).
Fig. 7. Nd–Sr isotopic compositions of the adakitic lavas. The data for adakitic rocks
directly derived from a thick crust are after Atherton and Petford (1993), Muir et al.
(1995) and Petford and Atherton (1996); those for Cenozoic subducted oceanic
crust-derived adakites are after Defant et al. (1992), Kay et al. (1993) and Sajona
et al. (2000) and Aguillón-Robles et al. (2001). The values for Jurassic–Cretaceous
intermediate–acid rocks in the eastern Yangtze Block are from Wang (2000) and Xu
et al. (2002), and Wang et al. (2003a,b); those for MORB are from Mahoney et al.
(1998), Xu et al. (2003), Tribuzio et al. (2004) and Xu and Castillo (2004). The late
Mesozoic intermediate-acidic rock data from the Sulu belt are from Zhao et al.
(1997), Zhou and Lu (2000), Fan et al. (2001), Guo et al. (2004), Huang et al. (2005)
and Yang et al. (2005).
Lead isotopic ratios in Jiaodong adakitic trachyandesites
are characterized by 206Pb/204Pb = 16.949–17.194, 207Pb/204Pb =
15.338–15.538, 208Pb/204Pb = 37.711–38.296 (Table 3). These com-
positional characteristics are comparable to those of Mesozoic
igneous rocks from the NCC and Dabie orogen (Zhang et al.,
2006; Liu et al., 2004, 2006; Yang et al., 2004, 2005; Huang et al.,
2005, 2006; Zhao et al., 2007; Liu et al., 2008b,d), having a clear
affinity to EM1 (Xie et al., 2006); however, they differ from those
of the Mesozoic igneous rocks from the SCB (EM2-like) (Yan
et al., 2003) and/or MORB from the Pacific or Central Indian oceans
(Mahoney et al., 1989; White et al., 1987) (Fig. 8).
5. Discussion

5.1. Petrogenesis

5.1.1. Origin of the adakitic magmas
Our studies of major- and trace-elements indicates that the Jia-

odong adakitic rocks are geochemically similar to those of adakites
formed from melting of subducted oceanic crust or delaminated
lower crust (Table 2; Fig. 6a and b). Nevertheless, the various pos-
sibilities for generating adakitic rocks at Jiaodong should be dis-
cussed. Tectonic reconstructions do not favour a subduction-zone
scenario in eastern China during the Early Cretaceous (e.g., Lu
et al., 1997; Li, 2000; Xu et al., 2002). In addition, although the Jia-
odong adakites have EM1-like features, which may suggest an ori-
gin of the subduction of ancient oceanic crust plus a minor
proportion of sediment (Rehkämper and Hofmann, 1997; Stracke
et al. 2003). Furthermore, subduction of a remnant ocean (the Sulu
Sea) may have occurred during the Late Jurassic and Early Creta-
ceous (Wu et al., 2002, 2003). The adakitic trachyandesites, how-
ever, have low 206Pb/204Pb ratios, which indicate that their source
is neither subducted oceanic slab nor sediment. Moreover, if these
adakitic magmas were formed by partial melting of a subducted
oceanic crust or sedimentary material, they would be expected to
have MORB-like Sr–Nd isotopic compositions (eNd(t) > 6, Sulu Sea,
Xu and Castillo, 2004) and high 206Pb/204Pb ratios (>18) (e.g., Sulu
Sea, Xu and Castillo, 2004; oceanic sediments in the west Pacific,
Castillo et al., 1994; Shimoda et al., 1998), but this is not the case.

An alternative mechanism of generating adakitic magma is
through assimilation–fractional crystallization (AFC) processes,
involving basaltic magma. This has been proposed for the origin
of adakites from Camiguin Island in the Philippines (Castillo
et al., 1999). Similar processes, however, seem unlikely to have
produced the Jiaodong adakitic magmas, as coexisting mafic rocks,
with the exception of only a few mafic dykes, are lacking from the
volcanic sequence (SBGMR, 1995); fractionation of such small vol-
umes of mafic dykes would not result in the large volumes of the
adakitic volcanic rocks observed. In addition, in plots of La/Yb vs.
La and Ni vs. Th (Fig. 9a and b), the data are more consistent with
a partial melting trend rather than a trend for fractional crystalliza-
tion, suggesting that the former is the dominant mechanism in
controlling the compositional variability within the Jiaodong adak-
itic volcanic rocks. However, the investigated adakites likely expe-
rienced some fractional crystallization as abundant plagioclase +
pyroxene are observed in the rocks. Otherwise, no correlations
exist between SiO2 and eNd(t) or (87Sr/86Sr) as shown in Fig. 9c
and d, clearly indicating that they were probably not generated
from an assimilation and fractional crystallization (AFC) – like pro-
cess. If crustal contamination was extensive, correlations between
SiO2 and Sr and Nd isotopic compositions would be expected (Cas-
tillo et al., 1999). Likewise, the Jiaodong adakitic volcanic rocks
cannot have been produced by direct melting of mantle peridotite,
as these scenarios would not produce melts more silicic than
andesite or boninite (�55 wt.% SiO2) (Green, 1980; Jahn and Zhang,



Fig. 8. 208Pb/204Pb and 207Pb/204Pb vs. 206Pb/204Pb diagrams for the adakitic rocks from Jiaodong, eastern NCC. The fields for Indian MORB and Pacific MORB, OIB, NHRL and
4.55 Ga geochron are after Zou et al. (2000) and Hart (1984), respectively.

452 S. Liu et al. / Journal of Asian Earth Sciences 35 (2009) 445–458
1984; Baker et al. 1995), which is contrary to observation (59–
62 wt.% SiO2).

Based on the above interpretations, melting of mafic lower crust
material is thought to be the most likely scenario for the origin of
the Jiaodong adakitic rocks discussed herein. It is generally be-
lieved that basaltic melt underplating can result in melting of ma-
fic lower crust and production of adakitic rocks (Atherton and
Petford, 1993). If adakitic magmas were derived directly from par-
tial melting of mafic lower crust, they should have relatively low
MgO, Cr, and Ni contents (Kay, 1978; Rapp et al., 1999). However,
the Jiaodong adakitic rocks show relatively high concentrations of
these species (Table 2; Fig. 5), as well as high Mg# values (Table 2).
This may suggest that the primary adakitic melts have interacted
to some extent with peridotitic mantle material (Kay, 1978; Rapp
et al., 1999). Hence, we propose that the investigated Jiaodong
adakitic trachyandesites formed by melting of delaminated lower
crust within the lithospheric mantle. Furthermore, as the pristine
adakitic melts ascended, they reacted with peridotite to produce
the observed elevated MgO, Cr, Ni contents and Mg# values that
typify these samples.

Because the Wulian region is located close to the suture zone
(Wulian-Yantai fault) between the NCC and SCB, it is necessary
to assess the influence, if any of the Mesozoic lithotectonic units
present within the Wulian region. While Mesozoic mantle-derived
mafic rocks are scarce, granites are widespread in the Wulian re-
gion (115–125 Ma) (Zhou et al., 2003; Huang et al., 2005, 2006;
Liu et al., 2008b). The geochemical characteristics of these granites
suggest that their sources mainly derived from the NCC, and that
the granites resulted from melting of metasomatized NCC mantle
with subsequent crystal fractionation (Liu et al., 2008b). Further-
more, the Pb isotopic compositions (Table 3; Fig. 8) of the Wulian
adakitic magmas (EM1-like features) indicate that these rocks
were derived from the NCC rather than SCB. Accordingly, the shal-
low (crust) and deep (mantle) levels in the Wulian region both be-
long to the NCC. The Jiaodong adakitic rocks are characterized by
high La/Yb and Sr/Y ratios and low Y and Yb contents (Table 2;
Fig. 4a and b), indicating the residual presence of garnet and the
absence of plagioclase in the source (Defant and Drummond,
1990; Atherton and Petford, 1993; Rapp and Watson, 1995; Drum-
mond et al., 1996; Defant and Kapezhinskas, 2001; Rapp et al.,
1999, 2003; Castillo, 2006). Insignificant plagioclase fractionation
is further supported by weak correlations between SiO2 vs. Al2O3

and Sr (not shown) and an absence of negative Sr anomalies in
the primitive mantle-normalized trace elements patterns for the
adakites (Fig. 6b); as both Sr (Dplagioclase/melt = 3.4) (Bacon and Dru-
itt, 1988) and Al (Dplagioclase/melt > 1.2) (Icenhower and London,
1996) are compatible in plagioclase, crystal fractionation of plagio-
clase can result in negative correlations between SiO2 vs. Al2O3 and
Sr, as well as a negative Sr anomaly. Because such a source is gen-
erally thought to occur at depths of >40 km (>1.2 GPa) (Rapp and
Watson, 1995; Petford and Atherton, 1996), the crustal thickness
in the study area had to have been at least 40 km when the adakitic



Fig. 9. Plots of La/Yb vs. La (a), eNd(t) values vs. SiO2 (b), and initial 87Sr/86Sr ratios vs. SiO2 (c) for the adakitic volcanic rocks in Jiaodong, eastern NCC.
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magmas were produced in the Early Cretaceous. Generally, Nb par-
titions strongly into amphibole under equilibrium conditions
(Pearce and Norry, 1979), whereas Ti partitions into rutile under
hydrous mantle conditions (Tatsumi, 1986). Both elements are
strongly depleted in the Jiaodong adakitic rocks, which suggesting
that amphibole and rutile were stable within the source residues
when the adakitic magmas were segregated. As noted above, the
source of the adakitic rocks was most probably amphibole-bearing
Fig. 10. Suggested model to produce Jiaodong adakitic lava via foundering of lower
compression at 205–185 Ma (Li, 1994). The thick lower crust was composed of amph
delamination or foundering through density instability and fell into the underlying hot li
that originated from the melting of silica-saturated eclogites would have reacted exten
Lithospheric foundering which resulted in lithospheric extension and asthenospheric upw
ecologic lower crust would have produced pristine basaltic and adakitic melts; sub
fractionation of basaltic magma, and the adakitic rocks in this study were generated by
or rutile-bearing eclogitic lower crust. If the source has contained
residual amphibole, magma directly derived from this source
should have relatively higher Rb/Sr ratio than Primitive Mantle
(�0.03) (Ionov et al., 1997). As amphibole commonly has Rb/Sr ra-
tios lower than or close to that of Primitive Mantle (PM), its ab-
sence can yield whole-rock Rb/Sr ratios higher than the PM value
(�0.03). Relatively higher Rb/Sr ratios (0.04–0.08) for the adakitic
rocks (Table 2) thus accept this possibility. The amphibole residue
crust in the Early Cretaceous. (a) Relatively thick crust due to intercontinental
ibole-bearing eclogite. (b) The thick eclogitic lower crust was removed through

thospheric mantle at 185–165 Ma (Li et al., 2002). At the same time, the silicic melts
sively with the overlying mantle peridotite to produce olivine-free pyroxenite. (c)
elling. Decompressional melting of the hybridized lithospheric mantle and residual

sequently, intermediate-acidic intrusions and mafic dykes were formed by the
reaction of pristine adakitic melts with the surrounding mantle peridotite.



Fig. 11. Plots of Yb vs. Fe/Mn ratio and Sc for the adakitic rocks.
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within the source is also indicated by the enriched MREE pattern of
the adakitic rocks (Fig. 6a). In contrast, If the source is inferred to
have contained rutile residue, the adakitic rocks would be charac-
terized by elavated super-chondritic Nb/Ta ratios (chondritic ratio:
19.9 ± 0.6) and Zr/Hf ratios (chondritic ratio: 34.3 ± 0.3) with
strongly decreasing Nb and Ta concentrations (Münker et al.,
2003; Xiong et al., 2005; Liu Y S et al., 2008). Indeed, the adakitic
rocks in this study are characterized by relatively lower Nb/Ta
ratios (17.8–19.6) and Zr/Hf ratios (33.2–34.6) compared to chon-
drite (Table 2). Therefore, we suggest a amphibole-bearing eclogit-
ic lower crust source for the adakitic rocks (Fig. 10a and b).

5.1.2. Genetic process of the adakitic magmas
Based on the above discussion, we propose a model in which

lower crustal delamination of the NCC coincided with adakitic
magmatism (Fig. 10). Subduction in the Triassic (�240–220 Ma)
of a continental slab during the collision between the NCC and
the SCB formed a thickened crust at the plate margin (e.g., Li
et al., 1993; Zheng et al., 2002). The resulting intracontinental com-
pression (�205–185 Ma) between the two blocks further thick-
ened the crust and the increase in pressure and temperature
might have converted mafic rocks in the lower crust into amphi-
bole-bearing eclogites (Li, 1994). Eclogite formed by high to ultra-
high pressure metamorphism of basaltic rock, achieving a density
exceeding that of lithospheric mantle peridotite by some 0.2–
0.4 g cm�3 (Rudnick and Fountain, 1995). The high density of such
garnet-bearing mafic rocks in the lower crust leads to delamination
(Kay and Kay, 1991, 1993; Rudnick, 1995; Ducea and Saleeby,
1998; Xu et al., 2002; Wang et al., 2004) or foundering (Arndt
and Goldstein, 1989; Ducea and Saleeby, 1998; Gao et al., 2004;
Zandt et al., 2004). Li et al. (2002) have suggested foundering of
eclogitic lower crust in the Dabie-Sulu belts during the period
185–165 Ma. Likewise, we infer that source materials in the lower
parts of the thickened crust (>40 km) in the study area consisted of
amphibole-bearing eclogitic material that sank into the lithospher-
ic mantle (Fig. 10a and b). Eclogites have lower melting tempera-
tures than mantle peridotites (Yaxley and Green, 1998; Yaxley,
2000; Rapp et al., 1999; Kogiso et al., 2003; Sobolev et al., 2005,
2007). Consequently, most silica-saturated eclogites would be
heated by the heat flux from the upwelling asthenosphere during
foundering, inducing dehydration melting and the generation of si-
licic melts (tonalite to trondhjemite). These materials may hybrid-
ize variably with overlying mantle peridotite to produce an olivine-
free pyroxenite, which, if subsequently melted, can generate basal-
tic melt (Kogiso et al., 2003; Sobolev et al., 2005, 2007; Herzberg
et al., 2007; Gao et al., 2008). During the late Mesozoic (Early Cre-
taceous), further episode of lithospheric (lower crust or mantle)
foundering occurred beneath the study area, similar to that ap-
peared in the Dabie-Sulu belt during the period 130–110 Ma (Li
et al., 2002). This event triggered asthenospheric upwelling, sud-
den uplift of the Earth’s surface, and lithospheric extension and
thinning. Decompressional melting of the olivine-free pyroxenite
produced basaltic melts; magma fractionation subsequently
formed large volumes of Mesozoic intermediate-acidic intrusions
and mafic dykes in the Jiaodong and Sulu-Dabie belts (Zhang
et al., 2006; Liu et al., 2004, 2006; Yang et al., 2004, 2005; Huang
et al., 2005, 2006; Zhao et al., 2007; Liu et al., 2008b) (Fig. 10c),
where the mafic intrusions are observed to be scarce. Furthermore,
the residual amphibole-bearing eclogitic lower crust was heated
within the lithospheric mantle producing the pristine adakitic
melts. These adakitic melts ascended and interacted with mantle
peridotite to form the Jiaodong adakitic volcanic rocks with their
relatively high MgO, Cr, and Ni contents (Fig. 5 and Table 2). As
indicated by the negative Fe/Mn–Yb correlations and positive cor-
relation between Sc and Yb (Fig. 11a and b). Because the primary
adakitic melts mixed by mantle peridotite will be clinopyroxene-
and garnet-enriched, this can account for the observed correlations
in Yb vs. Fe/Mn–Yb ratio and Sc (Liu et al., 2008).

5.2. Tectonic implications

It is generally accepted that at least 100 km of Archaean to Pro-
terozoic lithospheric mantle was removed from beneath large
areas of east China during the late Mesozoic to the Cenozoic eras
(Tertiary) (Menzies et al., 1993a,b; Griffin et al., 1998; Xu et al.,
2000; Xu, 2001; Gao et al., 2002; Wu et al., 2003; Wilde et al.,
2003; Zhang et al., 2004). The exact timing and mechanism of
lithospheric thinning, however, remains controversial. Based on
previous studies, Wu et al. (2003) proposed that in the late Meso-
zoic, between 130 and 120 Ma, lithospheric removal beneath east-
ern China was at its greatest. Theoretically, lithospheric foundering
would result in lithospheric thinning, coeval magmatism (Kay and
Kay, 1993), and the giant gold deposits of the eastern NCC (Yang
and Zhou, 2001). Late Mesozoic magmatic activities and the forma-
tion of the giant gold deposits in Jiaodong mostly occurred be-
tween 130 and 110 Ma (Liu et al., 2001; Zhai et al., 2001; Yang
et al., 2006); we thus suggest that 130–110 Ma was a dominant
period for the lithospheric removal beneath Jiaodong in the eastern
NCC.

Alternatively, the destruction of the NCC Archaean keel can
been explained by two additional mechanisms, i.e., thermo-chem-
ical erosion of the Archaean lithospheric mantle by upwelling
asthenosphere (Menzies et al., 1993a,b, 2007; Griffin et al., 1998)
and transformation of lithospheric to asthenospheric mantle by
addition of melts (Zhang et al., 2007), or melts and water from a
subducting slab (Niu, 2005). None of these processes, however,
can explain the production of adakitic magmas from foundered
lower crust, as is observed in the compositions of adakitic rocks
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from the study area in Jiaodong. We therefore suggest that litho-
spheric thinning underneath Jiaodong was caused by the removal
of the lower lithosphere (mantle and lower crust). According to
the source discussions, the crustal thickness in the study area
was at least 40 km when the adakitic magmas were produced at
123.6 ± 0.82 Ma. However, the present crustal thickness in the Jia-
odong area is only 30–32 km, according to calculations based on
gravity and magnetism by Shi et al. (1989) and Jiang et al. (2000)
and geophysical survey data of Xu and Zhao (2004). These data im-
ply that the Mesozoic continental crust in the study area was thick-
er (>40 km) than the present crust, and that the Jiaodong lower
crust therefore has most likely undergone an intense process of
thinning.

6. Conclusions

Based on the geochronological, geochemical, and Sr–Nd–Pb iso-
topic studies reported in this study, we draw the following
conclusions:

(1) The volcanic rocks from Jiaodong, located in the eastern NCC,
have an adakitic geochemical affinity. Zircon U–Pb dating of
this adakitic trachyandesite yields an eruption age of
123.6 ± 0.82 Ma.

(2) These adakitic rocks were derived from the melting of dela-
minated rutile-bearing ecologitic lower crust, triggered by
heat flux from the upwelling asthenosphere, with residual
garnet and amphibole in their source. In addition, these
adakitic rocks are characterized by relatively high MgO, Cr,
and Ni contents and high Mg# values, all of which indicate
that pristine magmas reacted with mantle peridotite during
ascent.

(3) It is proposed that intense lithospheric thinning beneath Jia-
odong of eastern China occurred between 110 and 130 Ma
due to the foundering of the lower lithosphere (mantle and
lower crust).
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